Sequences similar to reverse transcriptase (RT) of retroviruses have been found in certain DNA viruses, mitochondrial intron sequences, and a wide variety of transposable elements. While total amino acid similarity between these diverse elements is quite low, we have identified seven regions, consisting of 182 amino acids, that are common to all elements. Highly conserved residues identified in each of these regions are diagnostic for the identification and alignment of these and for future RT-like sequences. Using both the neighbor-joining and the unweighted-pair-group methods, we have derived a probable phylogenetic tree for all RT-containing elements. These elements can be divided into two major groups. Retroviruses and DNA viruses whose propagation involves an RNA intermediate are grouped with a series of transposable elements containing long terminal repeats (LTRs). The second group is made up of RT-containing sequences of fungal mitochondrial introns and a series of transposable elements that lack LTRs. The transposable elements, copia and Ty, were found to be the most difficult to position on the phylogenetic tree, as a result of their higher rate of sequence divergence. The data are most consistent with their being distant members of the LTR group ( retroviruses/ LTR retrotransposons ) .
Introduction
Retroviruses comprise a large family of animal viruses distinguished by the prop erty that their single-strand RNA genomes are rc;?licated through a DNA intermediate by the virus-encoded enzyme reverse transcriptase (RT). Although retroviruses differ from one another in detail, they all share a common structure in which three essential genes, gag, pal, and env, are flanked by two long terminal repeats (LTRs) (reviewed in Varmus 1983 ). The pal gene encodes several different enzymatic activities including RNase H, RT, and integrase (Varmus 1983 ). The RT region of the pal gene is the most highly conserved sequence of the retroviral genome and has been used to determine the phylogenetic relationship among retroviruses (Chiu et (Xiong and Eickbush 1988) ; R2Bm, type II ribosomal insert from B. mori (Burke et al. 1987 ); LlMd, LINE 1 repetitive element from A&s domesticus (Loeb et al. 1986; Shehee et al. 1987) ; ingi, mobile element from Trypanosoma brucei (Kimmel et al. 1987) ; SC-al and Sc-a2, introns a 1 and a2 of Saccharomyces cerevisiae mitochondrial cytochrome oxidase subunit I gene (Bon&z et al. 1980) ; Pa-al, intron of Podospora anserina mitochondrial cytochrome oxidase subunit I gene (Osierwacz and Esser 1984) ; Pa-IA, intron A of P. anserina mitochondrial cytochrome oxidase subunit I gene (Matsuura et al. 1986 )) Sp-b 1, intron of Schizosaccharomyces pombe mitochondrial cytochrome b gene ; NC-pl, mitochondrial plasmid of the mauriceville-lc strain of Neurospora crassa (Nargang et al. 1984) ; Ty, mobile element of S. cerevisiae (Clare and Farabaugh 1985) ; 17.6; copia, 297, gypsy, 4 12, I, F, and G elements from D. melanogaster (Saigo et al. 1984; Mount and Rubin 1985; Fawcett et al. 1986; Inouye et al. 1986; Marlor et al. 1986; Yuki et al. 1986a; Di Nocera and Casari 1987; Di Nocera 1988) ; CaMV, cauliflower mosaic virus (Gardner et al. 198 1) ; DIRS-1, mobile element from Dictyostelium discoideum (Cappello et al. 1985) ; HBV, human hepatitis B virus (Galibert et al. 1979) ; DHBV, duck hepatitis B virus (Mandart et al. 1984) ; MuLV, Moloney murine leukemia virus ( Shinnick et al. 198 1) ; HERV, human endogenous retroviral DNA (Repaske et al. 1985) ; RSV, Rous sarcoma virus (Schwartz et al. 1983) ; HSRV, human spumaretrovirus (Maurer et al. 1988) ; MMTV, mouse mammary tumor virus (Chiu et al. 1985) ; IAP, Syrian hamster intracisternal A-particle (Ono et al. 1985) ; HTLV-I, human adult T-cell leukemia virus (Se&i et al. 1983 ); HTLV-II, human Tcell leukemia virus type II (Shimotohno et al. 1985) ; BLV, bovine leukemia virus (Sagata et al. 1985 ovine visna virus (Sonigo et al. 1985) ; SRV, simian acquired immune deficiency syndrome virus (Power et al. 1986 ); and EIAV, equine infectious anemia virus (Chiu et al. 1985) .
Sequence Alignment
The level of sequence similarity between the different RT-like sequences is quite low. This is true not only between different classes of elements (e.g., retroviruses vs. transposable elements) but even between elements of the same class. For example, amino acid similarity of the RT region between the mammalian retroviruses MuLV and Visna is only 25%. Because of this low sequence similarity and the absence of computer programs capable of the simultaneous alignment of such a large number of sequences, two assumptions were necessary. The first assumption was that initial sequence alignments could be based upon groups of conserved amino acid residues that have been identified to various degrees in all published RT-like sequences. The residues used were a modification of those originally identified by Toh et al. (1983 Toh et al. ( , 1985 in retroviral, HBV, CaMV, and several Drosophila melanogaster retrotransposon sequences. With the exception of copia and Ty (discussed in greater detail below), identification of this original set of conserved residues in the 37 RT-like sequences discussed in the present report were unambiguous-and in most cases were in agreement with similar identifications made to various degrees in previous reports. The number of amino acids separating these groups of conserved residues, while similar within the same class of element, varied considerably between the different classes. This variation in the number of residues between the fixed amino acid positions led to the second assumption used in sequence alignment; that is, the alignment between the fixed residues was adequately conducted using algorithms that confer a substantial penalty for the insertion of gaps. The method used, the unitary matrix (UM) method (Doolittle 198 1; Feng et al. 1985) ) assigns a score of 2.0, 1 .O, and 0 to matched cysteines, other amino acids matches, and mismatches, respectively. A -2.5 penalty is incorporated when a gap, regardless of size, is introduced. Since the value of this penalty is somewhat arbitrary, we also conducted the alignment with a penalty of -1.5/gap. With either penalty the UM method resulted in seven major regions that are common to all sequences, with virtually all gaps between these regions localized to the same positions in different elements ( fig. 1) . If the penalty for the insertion of gaps was reduced to a value of -1.0, it was necessary to introduce multiple gaps between the groups of fixed residues. Thus, in the absence of computer programs that can simultaneously analyze all sequences, it was not possible to obtain an optimum alignment by using this lower gap penalty.
The alignment in figure 1 contains seven regions that are common to all elements (boxed regions numbered l-7 ) . The amino terminal border of box 1 and the carboxylterminal border of box 7 were defined by a lack of similarity between different types of elements. All other borders of the boxed regions are defined by gaps in the sequence of one or more groups of elements. Each of the boxed regions is defined by a series of conserved amino acid positions. Conserved residues found in the non-LTR retrotransposable elements and mitochondrial sequences are shown at the top of the sequences, while conserved residues found in retroviruses and LTR retrotransposable elements (but not always by copia or Ty ) are indicated at the bottom of the sequences.
Approximately one-half of these residues (indicated with an asterisk) are shared in all four classes of elements. This newly defined set of conserved residues should be useful While groups of elements are similar beyond these regions, no sequences conserved by all elements could be detected. Other numbers within certain sequences indicate the number of amino acids omitted from the sequence. The asterisk (*) in G element indicates the stop codon at that position. The letters and plus (+) symbols on the top of the alignment indicate the largely unvaried and chemically similar results, respectively, found in at least 11 of the 13 mitochondrial sequences and non-LTR retrotransposons. The letters and plus (+) symbols at the bottom of the alignment indicate the largely unvaried and chemically similar residues found in at Ieast 18 of the 22 viruses and LTR-containing retrotransposons, not including copia and Ty. Asterisks (*) indicate those residues conserved in all four major groups of elements. 680 Xiong and Eickbush for the identification and classification of additional RT-containing elements, as well as aid in the functional analysis of enzymatic activity.
Virtually all gaps in the sequences are localized to the six segments between the boxed regions. The number of residues in these gap regions is quite low (2-14 amino acids) in the case of the retroviruses and the LTR-containing transposable elements, while the non-LTR transposons and mitochondrial sequences contain in these gaps -90 amino acids and -105 amino acids, respectively. In some instances, particularly between boxes 2 and 3, sequence similarity between the mitochondrial and non-LTR retrotransposon sequences could be detected in these gap regions. The seven boxed regions in figure 1 should not be confused with the smaller regions we have previously identified (Xiong and Eickbush 1988) as containing maximum similarity within the non-LTR group of retrotransposons.
By far the most difficult elements to align were copia and Ty. While it was relatively easy to align these two sequences versus each other, the conserved residues found in all other RT-containing elements could only be unambiguously identified in copia and Ty for boxes 3,5, and 7. Indeed, if we were to eliminate from similarity calculations the conserved residues we have used to align each sequence, average sequence similarity of copia and Ty to all other elements would only be 7%-8%, not above the similarity of random sequences. This raises the question of whether these two elements are homologous to the other elements. There is little doubt that these elements contain RT-like activity. Full-length copia and Ty transcripts packaged into virus-like particles have been reported (Shiba and Saigo 1983; Garhnkel et al. 1985) , and RNA intermediates have been clearly demonstrated to be involved in the propagation of the Ty element . Finally, the similarity of the overall structure of these elements to that of other transposable elements and retroviruses suggests a common origin. Thus we have included these two elements in our phylogenetic comparisons, even though their sequence similarity to the other elements is minimal.
Formation of Phylogenetic Trees
The proportion of identical amino acid positions was calculated for the seven regions common to all sequences (boxed sequences in fig. 1 ). These regions contained 182 amino acid residues for most of the elements. While the residues between the boxed regions are not included in our calculations, the sizes of these insertions/gaps as well as their sequences are consistent with the major branch points of the trees derived from the sequence of the common regions.
The percent divergence for all pairwise comparisons of the 37 aligned sequences was calculated by dividing the number of different residues by the total number of compared residues ( fig. 2) . Before tree construction all values were changed to distances with Poisson correction, d = -log, S, where S = sequence similarity (Nei 1987, p . 4 1). These corrected values were then used to construct phylogenetic trees by the unweighted-pair-group method (UPGMA) (Sneath and Sokal 1973, pp. 230-234) and the neighbor-joining (NJ) method (Saitou and Nei 1987) . UPGMA is known to reliably give the correct topology for a phylogenetic tree when the rate of substitutions is approximately constant for each element (Nei 1987, pp. 287-326 ) . This is not likely to be true for the RT sequences since the different mechanisms of propagation for the elements in this comparison (viruses, transposable elements, and introns) could easily give rise to different rates of sequence change. The NJ method, on the other hand, has been shown to be a reliable method of determining the correct topology when elements have different rates of sequence divergence ( Saitou and Nei 1987 fig. 1 by the total number of compared residues. The total number of compared residues was 182 amino acids for most elements; 18 1 residues for CaMV, F, G, SC-al, and Sp-b 1; 180 residues for Ty and HSRV; 173 for NC-p 1; and 17 1 residues for copia.
however, that it is important to include the UPGMA tree, since genetic-distance estimates are known to be subject to stochastic errors and since the procedure for distance averaging in UPGMA reduces the effects of this error on the estimation of branch length (Nei 1987, pp. 287-326) . Thus, in instances where the UPGMA and NJ methods give the same topology, the reliability of that topology can be considered quite high. A comparison of the phylogenetic trees derived from the two methods is shown in figure 3 . Both methods result in the clustering of the non-LTR retrotransposable elements with the class II mitochondrial introns and of the retroviruses with the LTR retrotransposable elements (except for copia and Ty ). The topology within each of these groups is nearly identical by these two methods and will be discussed in greater detail below. Thus, at this time these groups are indicated by boxes in figure 3 , and only the major branch points of the trees are discussed. One difference exists between the topology of the two trees in figure 3 . In the UPGMA tree, copia and Ty are the most divergent branch, while in the NJ tree, copia and Ty branch from the hepatitis (Sneath and Sokal 1973, pp. 230-234) and (B) the NJ method (Saitou and Nei 1987) . The open boxes in the UPGMA tree correspond to the SE of branch point as calculated by Nei et al. ( 1984) . The length of horizontal lines in the NJ tree correspond to the branch length. To simplify visual comparison of the major topologies of these two trees, elements of the same class that are located on the same branch of the tree are indicated by a box. However, data from all 37 elements were used in the generation of these trees. The lengths of the boxes in the NJ tree correspond to the longest total branch length of any element within the box.
B viruses. The NJ method gives an unrooted tree, and there are two possible positions for the root of this tree. The first position is as shown in figure 3B , with the tree rooted between the class II intron / non-LTR retrotransposon branch and the retrovirus/ LTR retrotransposon branch. The second position is with copia and Ty as the most distant branch. While this second position for the root would make the tree more consistent with the UPGMA tree, we suggest that this is the incorrect root, for the following reasons: First, if copia and Ty are the most divergent branch of the tree, then the HBVs should be equally distant from all other elements in the trees. This is not consistent with the data, which clearly indicate that the HBVs are more closely related to the retroviruses and LTR retrotransposons. Second, while copia and Ty clearly have the least similarity to all other elements, they consistently have greater similarity to elements in the retrovirus/LTR transposon branch than to elements in the class II intron/non-LTR transposon branch. This finding is consistent with a faster rate of evolution for copia and Ty. This faster rate of divergence was also detected by the NJ method and is revealed in the NJ tree by the longer branch lengths of these two elements. Thus the NJ tree appears to be a more reliable estimate of the real phylogenetic relationship of the various RT elements. The complete NJ tree for all 37 RTcontaining elements is presented in figure 4 .
Discussion
Two striking features can be seen in the phylogenetic tree presented in figure 4 . First, elements present in very diverse species sometimes occupy close positions on the tree. For example, CaMV (a plant virus) is closely related to a series of insect transposable elements; the non-LTR retrotransposons are present in a trypanosome, insects, and mammals; and an insect transposable element (copia) is more closely related to a yeast transposable element (Ty ) than to any of the other insect transposable elements. This indicates that either the progenitors of these various groups of elements are very ancient (i.e., before the separation of fungi from other eukaryotes in the case of copia and Ty) or, as is more likely, there has been extensive horizontal transfer of elements between species. While our comparison is suggestive, resolution of this issue must await the identification of the same element in several distant species.
The second striking feature of the tree in figure 2 is that all RT-containing elements can be divided into two major branches: a virus and LTR-containing retrotransposon branch and a class II intron and non-LTR retrotransposon branch. We will discuss each of these major branches separately.
Viruses and Retrotransposons with LTRs
The largest branch of the phylogenetic tree shown in figure 4 is composed of the retroviruses, several DNA viruses that propagate via an RNA intermediate, and seven retrotransposable elements. While an even larger number of retroviral sequences have been published, in the present report we have utilized only 14 of these sequences, selected as being representative of the full diversity present among currently known retroviruses. The phylogenetic relationships among retroviruses, relationships based upon their RT sequences, have been analyzed elsewhere, with somewhat varying conclusions (Chiu et al. 1985; Sagata et al. 1985; Sonigo et al. 1985 Sonigo et al. , 1986 Toh et al. 1985; McClure et al. 1988) . Part of this controversy is a result of the different rates of sequence divergence in different groups of viruses. Indeed, the only major difference we detected between the UPGMA and NJ trees (other than the location of copia and Ty as described above) was in the retroviral branch. The UPGMA tree placed the lentiviruses (HIV, Visna, and EIAV) as equally distant from the RSV/MMTV and the HTLV/ BLV branches. The NJ tree as shown in figure 4 suggests that the lentiviruses have diverged at a more rapid rate and are closer to the RSV / MMTV group. Recently, using the NJ method, Yokoyama et al. (1988) have obtained the same phylogenetic relationship for the retroviruses, on the basis of the nucleotide sequences of the RT and env regions. The topology we obtained for the retroviruses by using the NJ method is identical to that of Yokoyama et al., except that their exclusively retroviral tree is fig. 2 after Poisson correction and application of the NJ method (Saitou and Nei 1987 ). The number above or below each horizontal line indicates the branch length. The branch length between the node connecting the LTR retrotransposons and viruses with the node connecting class II introns and non-LTR retrotransposons, which contains the root of the tree, was divided equally between the two major branches (see text for the discussion of rooting of the tree). Functional classification for the various groups of elements is presented to the right of the tree.
Comparison of Reverse Transcriptase Sequence 685 rooted in a different location. We feel that using the retroviruses as only a part of a comprehensive analysis of all RT sequences is the most reliable method of rooting the retroviral branch. With the branch rooted as in figure 4 , the human foamy virus (HSRV) is the most ancient member of the retroviral family, while the lentiviruses appear to be derived from the RNA tumor viruses (oncoviruses), specifically the branch leading to RSV and MMTV.
With all retroviruses located on one subbranch, an intermingling of transposable elements and DNA viruses occurs throughout the remainder of this major branch of the RT tree. The hepatitis B viruses, copia, and Ty represent the most distant elements of this branch, followed by the Dictyostelium discoideum transposable element DIRS I. Perhaps the most surprising conclusion is that four D. melanogaster retrotransposable elements (17.6, 297, Gypsy, and 4 12) are most closely related to CaMV. The greater similarity of the CaMV RT region to these D. melanogaster transposable elements than to retroviruses had been detected previously by Yuki et al. ( 19863) . A common structural feature of all elements from this major branch of the RT tree is the presence of LTRs. The retroviruses and the six transposable elements from D. melanogaster and Saccharomyces cerevisiae are believed to contain LTRs of similar structure and function (reviewed in Varmus 1983 ) . The DNA viruses, hepatitis B virus, and cauliflower mosaic virus, although lacking complete LTRs, contain certain features of LTRs that are critical to their life cycle (Summers and Mason 1982; Pfeiffer and Hohn 1983; Miller and Robinson 1986 ; see also Ganem and Varmus 1987) . Finally, the D. discoideum transposable element, DIRS I, contains inverted long terminal repeats (Cappello et al. 1985 ) . Because of the critical role played by LTRs in the propagation of these elements, we have termed this branch of the tree the LTR branch.
Class II Introns and Non-LTR Retrotransposons
The second major grouping of RT-related sequences is composed of a series of mitochondrial intron sequences from fungi, a mitochondrial plasmid, and a number of transposable elements from widely different species. The topology of this branch of the UPGMA tree is identical to that of the NJ tree shown in figure 4. Particularly diagnostic of this branch of the tree is the highly conserved YXDD box, flanked by several hydrophobic residues, found in segment 5. All elements from this branch have an alanine at position X, while all members of the LTR branch have a hydrophobic residue at this position. Such high constraint for a residue located in a region known to be important for the RT activity (Larder et al. 1987 ) raises the interesting question of whether the conservation at this (and some other) amino acid positions is the reflection of different properties of the RT enzyme encoded by the elements from this branch of the tree.
The higher RT similarity between various members of the non-LTR retrotransposon group has been noted elsewhere (Fawcett et al. 1986; Burke et al. 1987; Di Nocera and Casari 1987; Kimmel et al. 1987; Di Nocera 1988; Xiong and Eickbush 1988) . Our results support this conclusion and also indicate that R2 and Ll are the most distant members of this group. On the basis of its genetic organization and insertion properties, R2 appears to be least similar to the other elements because it does not contain a second ORF with similarity to the gag ORF of retroviruses and does not give rise to a target-site duplication at its specific insertion site (Burke et al. 1987) . These properties are shared by the class II mitochondrial introns.
The mitochondrial intron sequences shown in figure 4 are from three species of fungi and are all classified as class II introns on the basis of predictions of their secondary structure and short conserved sequence elements (Michel and Dujon 1983) . On the basis of the similarity of its RT-like sequence, the Neurospora plasmid ( NC-pl), is closely related to this intron group, confirming previous suggestions based on its codon usage and conserved DNA sequence elements (Nargang et al. 1984) . The position of these mitochondrial sequences on a common branch of the RT tree with a distinct class of transposable elements that do not have LTRs and whose members can also occupy specific positions in genes supports suggestions that these mitochondrial sequences are or at one time were mobile elements (Borst and Grivell 198 1; Nargang et al. 1984; Michel and Lang 1985) .
We have termed this second major branch of the RT tree the non-LTR branch. One of the fundamental roles of LTRs is to enable replication, via an RNA intermediate, with no net loss of sequence information (Temin 1982; Varmus 1983) . The absence of LTRs in the elements of this branch implies that they must employ alternative mechanisms in their propagation. In the case of the Neurospora plasmid, fulllength transcripts can be easily achieved because the genome is circular (Nargang et al. 1984) . For I and Ll it has been suggested that full-length progeny are made by utilizing an internal promoter and 5'-end tandem repeats, respectively (Fawcett et al. 1986; Loeb et al. 1986) . A quite different mechanism, utilization of an exogenous (host) gene promoter, has apparently been adopted by other members of the non-LTR group. Ingi has been suggested to rely on its fortuitous location next to an external promoter (Kimmel et al. 1987) . However, most of the remaining members appear to have acquired an external promoter by their ability to insert into specific sites within a particular host gene. In the case of Rl and R2, the elements have inserted in a fraction of the members of the ribosomal RNA multigene family (Burke et al. 1987; Xiong and Eickbush 1988) . Although the transcription or processing of these genes is severely affected (Long and Dawid 1979) ) a fraction of the ribosomal genes can evidently be interrupted at a tolerable cost to the host. Mitochondrial intron sequences, on the other hand, insert within a unique gene. In this case, utilization of these mitochondrial genes by the host requires that these introns be efficiently spliced from the transcripts. Other members of the class II intron family have been shown to be self-splicing (reviewed in Cech 1986 ) . This raises the question of whether self-splicing introns are descendents of non-LTR retrotransposons-and of whether these RTcontaining introns, as well as non-LTR retrotransposons such as Rl and R2, can undergo self-cleavage if not self-splicing.
Concluding Comments
We have compared the RT-like sequences from a variety of sources and identified conserved regions that will be useful for the identification and analysis of RT sequences in other elements. These conserved regions also have been used to construct a possible phylogenetic tree. It has been suggested by Temin ( 1980) that the origin of retroviruses was from cellular transposable elements. Since all retroviruses are located on a minor branch of the tree, while retrotransposons are found throughout the tree, our data support this hypothesis. Indeed, the location of transposable elements on each of the major branches of the tree further suggests that transposable elements may have been the precursors of all present-day RT-containing elements. Two major divisions of the RT-containing elements are apparent, one with and one without LTRs. The tree leaves unresolved the issue of whether the LTR branch gained LTRs or whether the non-LTR branch lost its LTRs. We prefer the former hypothesis, because the acquisition of LTRs-and thus of their own endogenous promoter-would have made the transposable elements more independent, perhaps facilitating their evolution into DNA or RNA viruses. Those elements that did not gain (or, alternatively, lost) their LTRs must rely on exogenous promotion of transcription. Perhaps the most interesting mechanism adopted by these non-LTR elements for this purpose is the specialization for insertion into specific host genes.
